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Abstract 
This study experimentally and numerically investigated the damage extension of a brittle monolithic silicon carbide plate in 
response to the high speed impact of a projectile. An out-of-plane impact of a silicon nitride sphere with a velocity of 50 to 600 
m/s induced multiple ring cracks on the contact surface. A crater, a cone crack, and a median crack were observed in the cross
section under the contact point. The generation and extension of the damage were numerically studied based on linear fracture
mechanics. A dynamic stress analysis using the finite element method demonstrated that the distribution of the principal axis 
corresponding to the maximum principal stress aligned radically from the contact point to induce a circular crack on the surface.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Monolithic ceramics have superior mechanical properties such as high temperature strength, corrosion 
resistance, and wear resistance compared to conventional metals and have been employed in roller bearings [1]. 
However, the brittleness of ceramics has restricted other practical applications.  
Recently, research and development projects have been conducted on ceramic gas turbines to improve their 
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efficiency [2,3]. A higher turbine inlet temperature achieved higher efficiency in a turbine engine, and silicon nitride 
was employed in high temperature components such as turbine nozzles and blades. To practically use these ceramic 
components, reliability should be ensured to support the various loadings that occur in gas turbines. Previous studies 
[4,5] pointed out that foreign object damage (FOD), along with low creep and corrosion resistance, were critical 
issues for a ceramic turbine. Certain particles (foreign objects) are generated in the combustion gas and strike the 
ceramic components. Cracks can then be generated because of the brittleness of ceramics. Furthermore, the notch 
sensitivity of brittle materials is extremely high, and even minor damage could cause catastrophic failure of the 
component. Accordingly, FOD resistance became the key parameter for ceramic components. 
Various experiments have been reported on impact damage in ceramics. Ceramic plates were impacted by small 
spheres, and the impact damage and the degradation of the residual strength were discussed [6,7]. Sherman and Ben-
Shushan [8] investigated the effect of the restriction conditions and the plate thickness on FOD in alumina plates. 
Choi et al. [9,10] studied the relationship between FOD and the residual strength in some types of silicon nitrides, 
and suggested that fracture toughness is the key parameter for resistance to FOD. Moreover, they indicated that 
typical FOD consisted of ring cracks, radial cracks, and cone cracks, and that the combination of these cracks was 
independent of the impact velocity. Impact (point load) induced damage in ceramic coatings has also been 
investigated, and ring cracks and cone cracks were observed in the coating [11,12]. This damage pattern is similar to 
that caused by quasi-static contact with a sphere. In the case of indentation, the stress distribution and the damage 
pattern were discussed based on Hertz's contact theory [13,14]. Licht et al. [15] investigated generation of cone 
cracks based on the energy release rate during the extension of preexisting defects. In recent years, numerical 
simulations on ballistic impact have been analyzed based on the finite element method. Espinosa et al. [16] 
discussed the influence of the material parameters of ceramic/steel laminates on their penetration characteristics. 
Ballistic impact behavior was also predicted in steel plates [17] and ceramic matrix composites [18]. Zuo et al. [19] 
studied the impact damage in a ceramic plate wrapped with titanium. They predicted the generation of some micro 
cracks and damage like cone cracks in the ceramic. 
However, to our knowledge, few studies have reported on dynamic extension of FOD in monolithic ceramics. 
Moreover, the previous studies on ballistic impact focused on the penetration and the impact energy at the 
penetration limit. The damage extension in the target has been overlooked, although this damage extension is 
essential for quantitatively evaluating the absorbed impact energy. Thus, the mechanisms of damage extension in 
ceramics due to high speed impact still remain unclear. 
The purpose of this study is to clarify the mechanisms of FOD in monolithic ceramics. To this end, we 
experimentally and numerically investigated the damage process in silicon carbide plates impacted by silicon nitride 
spherical projectiles. Generation and extension of cracks near the impact point is predicted based on a criterion 
involving linear fracture mechanics. Second, the predicted FOD pattern clearly correlates with that observed in the 
experiment, a result that had not been reproduced in previous studies. The mechanisms of FOD are discussed 
through these experiments and simulations. 
2. Experiment 
2.1. Materials and experiment procedures 
The material used was pressureless sintered silicon carbide (SiC). The plate specimen was 20 mm long, 10 mm 
wide and 5 mm thick. The specimen surface was polished with diamond slurry to achieve a roughness of less than 1 
μm. A silicon nitride (Si3N4) sphere with a diameter of 1.58 mm was used as a projectile. The mechanical properties 
of the plate and the sphere are listed in Table 1. Here, the fracture toughness was evaluated by the indentation 
fracture method, where a crack was induced by a Vickers hardness test and the fracture toughness was calculated 
Table 1 Material properties of the silicon-carbide plate specimen and silicon-nitride projectile 
Material Young’s modulus 
(GPa) 
Poisson’s ratio Density 
(kg/m3) 
Fracture toughness 
(MPa∙m0.5) 
SiC 410 0.17 3313 4.0 
Si3N4 194 0.25 3265 7.6 
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from the hardness and the material properties. The specimen was observed by a scanning electron microscope before 
the test to investigate any preexisting defects; the maximum size of such defects was about 5 μm. 
Figure 1 depicts a schematic of a high speed impact testing machine (Maruwa Electronic Incorporated). This 
machine consisted of a control unit for the power source, a data logger, and a chamber in which a sphere was shot at 
the target. The projectile, set in a sabot, was accelerated with high 
temperature, high pressure metal plasma obtained by melting and 
evaporating an aluminum foil subjected to high voltage pulse 
current. The sabot was stopped at the mouth of the gun and only 
the sphere moved ahead by inertia. The velocity range of the 
projectile was 40 to 1500 m/s. The velocity V of the projectile was 
approximately controlled by the voltage applied to the aluminum 
foil and was precisely measured by obtaining the time required for 
the projectile to pass the prescribed distance (250 mm) in a speed 
detector. The specimen was fixed in a square-frame jig, and a steel 
plate was set at the back surface of the specimen to prevent 
bending. 
2.2. Experiment results  
Figure 2 depicts typical damage states of a contact surface subjected to high speed impact, as observed by an 
optical microscope. A single circular crack called a ring crack was generated on the surface at velocities less than 
300 m/s. At velocities over 300 m/s, multiple ring cracks appeared, with evidence of contact with the broken sphere 
observed near the ring cracks. Figure 3 plots the radii of the ring cracks at various impact velocities. The maximum 
radius increased with increasing impact velocity. Although the minimum radius also increased with increasing 
velocity, it decreased considerably at velocities over 400 m/s. Thus, the generation of ring cracks depends on the 
impact velocity.  
Figure 4 depicts typical damage patterns in the cross section just under the contact point. At lower velocities a 
Figure 3 Relationship between the radius of the ring 
cracks and the impact velocity. 
(a) 155m/s                            (b) 460m/s 
Figure 2 Damage pattern on the impacted surface of a silicon carbide 
plate. Multiple ring cracks were observed in the specimen with high 
velocity impact. 
(a) 155m/s                                                                   (b) 460m/s 
Figure 4 Damage pattern of the cross-section under the contact point. Cone cracks were observed, and a median crack 
appeared due to the high impact velocity. 
Figure 1 Schematic of the high-speed impact testing 
machine. 
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cone crack extended from the contact surface in a direction inclined 45° from t he vertical. This was identical to the 
damage due to static indentation of a sphere [14]. At a high impact velocity, the cone crack extended from the crash 
zone at the contact point. Furthermore, a median crack was generated directly under the contact point. The cone 
crack was 0.4 to 0.6 mm and the median crack was 1.5 to 1.7 mm. 
Thus, the high speed impact tests demonstrated that the patterns of FOD in monolithic silicon carbide differ 
depending on the impact velocity. 
3. Dynamic analysis on initiation of ring cracks 
3.1. Finite element model 
A dynamic stress analysis was carried out by using commercial finite element analysis software (Abaqus/Explicit 
Ver. 6.9). Figure 5 depicts the analytical model. A quarter of the plate and the sphere were modeled, considering the 
symmetry. The dimensions of the plate were 5 mm in the x-direction, 10 mm in the y-direction and 5 mm in the z-
direction; the projectile diameter was 1.58 mm. Eight-node cubic elements with r educed integration were used to 
divide the model. There were 1,673,527 elements and 1,710,939 nodes. 
The bottom x-y plane of the plate was fixed in the z-direction to represent the fixed back surface in the experi-
ment. The symmetry condition was assigned to the yz- an d zx-planes that included the contact point. The same 
boundary condition was assigned to the projectile. A constant acceleration in the z-direction was given to the projec-
tile as an initial condition, and the acceleration was set to zero when the projectile achieved the prescribed impact 
velocity. 
Isotropic elastic solids were assumed for the silicon carbide plate and the silicon nitride sphere, and the material 
properties listed in Table 1 were used. In this analysis, the generation of damage was not considered; only the de-
formation due to the impact was analyzed. Moreover, the attenuation of stress, heat generation due to the impact, 
and rotation of the projectile were ignored. Thus, all of the impact energy was considered to be consumed by elastic 
deformation of the plate.  
3.2. Analysis results 
The change in the stress distribution shortly after the impact was investigated at an impact speed of V = 100 m/s 
(Fig. 6). Figure 6a depicts the normal stress component in the y-direction from the contact point, designated as σyy, 
i.e. the normal stress in the radial direction. It reached its maximum value near the boundary of the contact region 
with the sphere, and decreased with increasing distance from the contact region. The maximum value of σyy as well 
as the distance at maximum stress increased with increasing time. This corresponded to the increase in the size of 
the contact region due to indentation by the sphere. 
Figure 5 Finite-element model for the high speed impact of the sphere. 
(a) Schematic (b) Magnified view near the impact 
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Figures 6b-6d plot the stress distributions of σyy, τxy, and τyz in the through-the-thickness (z) direction at y = 0.134 
mm, which was the minimum radius of the ring crack at V = 100 m/s. The stress component σyy varied steeply from 
tension on the contact surface to compression with increasing depth. This stress-distribution pattern coincided with 
that obtained by static indentation [15]. The absolute value of the in-plane shear stress τxy was larger on the contact 
surface than inside the plate. Although the in-plane shear stress gradually increased with increasing time, its magni-
tude was much smaller than the normal stress σyy. Furthermore, the out-of-plane shear stress τyz was small on the 
contact surface and increased with increasing depth. These 
stress distributions suggest that the cause of the ring crack 
was the large normal stress in the radial direction on the 
contact surface. 
Figure 7 depicts the directions of the principal axis corre-
sponding to the maximum principal stress on the contact 
surface. The principal axis was aligned in the radial direc-
tion. Therefore, a circular crack could appear if a crack was 
assumed to be generated when the maximum principal 
stress exceeded a critical value. This circular crack corre-
sponded to the ring crack observed on the contact surface 
(Fig. 2).  
Next, the minimum radius of the ring crack was evaluat-
ed using linear fracture mechanics, on the assumption that 
only the normal stress in the radial direction contributed to 
(a) σyy distribution on the surface                   (b) σyy distribution in the z-direction 
(c) τxy distribution in the z-direction                  (d) τyz distribution in the z-direction 
Figure 6 Stress distribution near the impacted point (V = 100 m/s). The position y = 0.134 mm was the minimum radi-
us of the ring crack observed in the corresponding specimen. 
Figure 7 Distribution of the principal axis corresponding to 
the maximum principal stress. 
88   Manabu Takahashi et al. /  Procedia Materials Science  3 ( 2014 )  83 – 89 
crack extension on the surface. Considering a preexist-
ing semicircular crack with a radius c that was vertical 
to the y-axis, the stress intensity factor at the crack tip, 
K, is calculated as follows [20,21]. 
x
xc
cK
c yy d
0 22³  
V
S                                (1) 
The stress intensity factor was calculated from the 
obtained stress distribution. Figure 8 plots the distribu-
tion of the stress intensity factor in the y-direction for c 
= 1 μm. The stress intensity factor gradually increased 
over time, and first exceeded the fracture toughness at 
0.12 μs as indicated by an arrow. The radius was 0.108 
mm, in approximate agreement with the minimum radi-
us observed in the experiment (0.13 mm). Thus, this 
analysis demonstrated that the generation of a ring crack 
could be evaluated using linear fracture mechanics.  
4. Conclusions 
This study conducted the high speed impact tests, a finite element dynamic analysis on the initiation of ring 
cracks in order to clarify the mechanisms of foreign object damage in a silicon carbide plate. The extension of vari-
ous cracks near the contact point was investigated by the stress intensity factor at the tip of a preexisting defect in 
the material. The conclusions are summarized below. 
(1) Multiple ring cracks were observed due to the collision of the silicon nitride projectile. A crater and a cone 
crack were generated under the contact point. Furthermore, a median crack was extended by the large impact 
energy. 
(2) The principal axis corresponding to the maximum principal stress on the contact surface was aligned to the 
radial direction just after the impact. The minimum radius of the ring crack was well predicted based on mode I 
cracking due to normal stress in the radial direction. 
(3) The predicted damage pattern agreed well with the observation by the damage criterion of the equivalent stress 
considering the stress intensity factor at the tip of a preexisting defect. The damage extension simulation 
revealed the mechanisms of the FOD: a cone crack was first generated by the shear cracking mode, and the 
median crack was then extended due to the crack opening mode in the case of high impact energy. 
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